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Abstract 
The current heat treatment processes make use of electricity or fuel for generating heat. Solar energy is available in abundance in 
the states of Rajasthan and Gujarat in India. Annual global solar radiation of about ≥2400 kWh/m2 is received in these regions. 
Use of the abundant solar thermal energy in heat treatment of metals would save energy and fuels. In view of this a concept of 
solar convective furnace system is described in this paper. As a starting point, heat treatment of aluminium is considered. For this 
system, requirements of industrial furnace are taken as basis. A scale-down retrofitted furnace is designed and analysed. The 
importance of different process stages like, solar thermal energy absorption, storage and utilization in design of such a system is 
presented. A thermodynamic analysis is performed to derive requirements for the achievement of a uniform heating at a pre-
determined rate. Control strategy to meet the requirements is worked out. Air flow profile in the furnace is analyzed using CFD 
as a tool. Laser Doppler Velocimetery technique is used for measurement of velocity in a Plexiglas model of the scale-down 
furnace. Flow analysis using the adopted CFD tool shows non uniformities in air flow profile. To counter this, further 
modifications and improvements in the furnace structure are suggested. Evaluation of Open Volumetric Air Receiver (OVAR) 
using installed solar air tower simulation facility is also presented in the paper.   
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1. Introduction 
Furnace is used for heat treatment or melting of material [1]. In conventional furnaces electrical heating is 
employed for such purpose [2]. The requirement of energy depends on the size and operating condition of a furnace 
[3]. Usually, the conversion efficiency of such a process is less than 30 % [3, 4]. It is expected that solar energy can 
be utilized for such purpose [5]. Such a system will avoid double conversion from fuel to heat and then from heat to 
electricity. Consequently, the efficiency should increase with saving of conventional fuel. Keeping this in view a 
concept of solar convective furnace is proposed and its schematic is shown in Figure 1. This Figure shows a solar 
thermal system integrated with a solar convective furnace, initially considered for heat treatment of aluminum, like, 
annealing. Aluminium annealing is carried out in a temperature range from 300 to 520°C [2] that requires 250 to 
400 MJ/MT of thermal energy, even in India [6]. Concentrated Solar energy has been investigated for various 
applications including power generation, steel hardening [7, 8, 9]. 
 
 
Figure 1: Schematic of concentrated solar thermal based retrofitted convective furnace 
 
In the designed solar convective furnace system heliostat is used for collection and reflection of radiation to a 
receiver. The receiver is made of porous absorbers [5] and uses atmospheric air as heat transfer fluid. This receiver 
is termed as Open Volumetric Air Receiver (OVAR). The harnessed heat using OVAR results in increasing 
temperature of air. The obtained hot air will be utilized for annealing of aluminum to begin with. For this purpose, 
the existing annealing furnace is to be retrofitted. Retrofitting will ensure use of solar energy based heating in 
addition to the currently available electrical model of heating. Metal processing in a convective furnace requires 
uniform heating of metal ingots/ pieces. It also calls for maintaining the required rate of temperature rise. Therefore, 
detailed design and analysis of such a furnace concept is necessary for implementation. In view of the above, the 
following are presented in this paper: 
 Concept and design of a retrofitted annealing furnace for aluminum 
 Thermodynamic analysis and control strategy of the retrofitted furnace 
 Evaluation of OVAR 
 Flow measurement experiment and computational fluid dynamics (CFD) analysis of the retrofitted furnace 
2. Solar convective aluminum heat treatment furnace system 
Solar thermal energy absorption, storage and utilization are the major stages of the system as shown in Figure 1. 
The designed OVAR is shown in Figure 2a [5]. This comprises of porous cylindrical shaped absorbers and currently 
under investigation.  For this purpose, an experimental solar air tower simulator (SATS) facility is installed at IIT 
Jodhpur as shown in Figure 2b [10]. This includes pebble bed thermal energy storage (TES) for providing the 
necessary control to the required amount of power during processing. A blower is used for suction and re-
Solar Convective Furnace 
Receiver
Retrofitted 
Furnace
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distribution of the obtained hot air from the receiver. The following subsections provide an insight to the furnace 
design and its retrofitting. 
  
 
(a) 
 
(b) 
Figure 2. (a) The designed circular porous absorber based OVAR; (b)  SATS facility at IIT Jodhpur 
2.1. Full Scale Annealing Furnace 
An example of full scale industrial aluminum heat treatment furnace is shown in Figure 3a [11]. The dimensions 
of this furnace are presented in figure. The capacity of this furnace is about 500kW for processing of 16.4 m3 of 
aluminum. This furnace comprises of a centrally located hearth having a porous grid at the bottom. The grid 
supports the metal ingots to be treated. Two number of side ducts are used for electrical heating of air.  
Table 1. Details of full scale industrial aluminum heat treatment furnace 
Dimension, m Air temperature, ˚C Ingot temperature, ˚C 
Hearth: 3.5 x 3.5 x 3.5  
Ingot: 3.2 x 1.1 x 0.48 
650 Initial: 100 ; Final: 600 
Time taken: 10.5 hrs 
An air blower is used for generating the required air flow. The details of the furnace and its operating conditions 
are summarized in table 1. A layout of ingots placed on the supporting grid is shown in Figure 3b. For this layout 
resulting hydraulic diameter for the internal space between ingots is 0.31 m. The table also indicates the wide 
furnace temperature operating range from 100 to 600°C and the required time to achieve the same. This range also 
includes annealing temperature. In view of the aim of this paper the next sub-section presents a retrofitted solar 
convective furnace for annealing. 
 
 
(a) 
 
(b)  
Figure 3. (a) Industrial Aluminum heat treatment furnace; (b) Typical layout of Aluminum ingots 
2.2. Scale-down retrofitted solar convective furnace 
A geometrically scaled down model of annealing furnace is shown in Figure 4a. A 1:15 scaled-down model of 
the presented furnace in previous sub-section. This results in capacity of 260W for processing. The dimensions 
length, width and height of retrofitted furnace and that of ingots are chosen accordingly. These are summarized in 
table 2.  
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Table 2. Dimensions of scaled-down furnace and the metal ingots 
 Scale-down furnace hearth Scale-down Ingot 
Dimension, mm 235 x 235 x 235 213 x 73 x 32 
 
The obtained hot air from OVAR is inducted via TES through two side ducts into furnace hearth. The employed 
divergent section is having an angle less than 10ᵒ [12]. This is to avoid reverse flow and to ensure flow uniformity at 
the inlet to side duct. This is shown in Figure 4a. The placement of metal ingots and their dimensions are given in 
Figure 4b. The hot air enters the hearth from bottom. Uniform air flow is essential for processing of all the metal 
ingots. Certain velocity or mass flow rate is required to achieve desired heat transfer rate. The relatively cooled air 
exits from the convergent hearth top and passes through TES driven by an air-blower. In view of expected, uniform 
processing of metal ingots, lump capacitive heating is assumed in the full scale furnace. From the available furnace 
operation parameters (t: heating time, ஶܶǣ Ambient air, ௜ܶ ǣ Ƭ ௙ܶ: Final metal temperature)  convective 
heat transfer coefficient h is obtained using equation 1 [13]. In this equation 
ߩǣ ǡ ܸǣ ǡ ܣǣǡ ܿ௣: specific heat capacity of metal ingot. Biot number (Bi) is then calculated 
for this h. The calculated value of  Bi < 0.1 confirms that heating assumption is reasonable.  
  
(a) 
 
 
(b) 
Figure 4. Schematic of (a) Retrofitted solar convective furnace; (b) Ingots placement in hearth 
 
In the scaled-down model attempts are made to preserve at least the Bi in order to ensure uniform heating of the 
metal block. At the same time, it can be argued to conserve even the Fourier number (Fo) to attain the same 
processing time. However, for practical purpose it is difficult to ascertain both these parameters in the scaled-down 
model. In view of this, material of ingots is taken as stainless steel (k=17 W/mK). The resulting value of h for scale 
down furnace compares well to that of full-scale furnace. In other words, flow regime is maintained. This is 
obtained by assuming internal flow between ingots. This indicates flow is in entry length regime. Using the obtained 
h and expression as in Eqn. (2) [14] the averaged Nusselt number (Nu) for a fully developed (fd) flow condition is 
obtained. This value is required for estimation of Reynolds number (Re) using Gnielinsky correlation as in Eqn. (3) 
[15]. This Re will provide the required mass flow rate of air. 
Table 3. Scaling down parameters 
Furnace Parameter values 
Full scale Furnace Lc= 0.24 m, h=26, Bi=0.03, Fo=57.4  
Scale-down furnace  Lc=0.015 m, h=30.8, Bi=0.03, Re = 3400, f=0.038 
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2.3. Thermodynamic analysis for control strategy 
So far the design of full-scale and scaled-down model of heat treatment furnace is presented. The heating process 
must satisfy stringent requirements. This is to ensure quality of the processed material. In the designed solar 
convective furnace hot air is introduced via TES. Therefore, it is essential to device a control strategy to ascertain 
the functioning of the designed furnace system. Such a process is featured by large inertia and time delays with time 
varying characteristics etc. The objective is to achieve the desired time varying heating profile or power input to the 
processed metal ingots. For this purpose a control strategy based on preliminary thermodynamic analysis is 
presented. For this analysis, the heating rate in terms of temperature 100 to 600ᵒC in 10.5 hrs is conserved, see table 
1. The assumptions for this analysis are (a) hearth is perfectly insulated (b) heat is transferred to metal blocks from 
surface (c) incompressible fluid flow with constant properties. The energy balance in hearth is as follows:
Rate of heat loss by air  (A) = Rate of heat transfer from air to metal (B) = Rate of heat gain by the metal (C).With, A 
=  ሶ݉ ܥ௣௔(Ti-To),  B =  ݄.ܣݏ. (ܶܽ−ܶ݉ሻ =  ߩǤ ܸǤ ܥ௣Ǥ ቀ
ௗ்௠
ௗ௧
ቁ    (4) 
 
Here, ṁ = mass flow rate of the air (kg/sec);  ܥ௣௔ܥ௣௠ = specific heat capacity of air and metal ( kJ/kg-K);  
Ti and To = inlet and out air temperature in hearth; ௔ܶ ൌ
்௜ା்௢
2
; Tm = volume averaged metal temperature; h = heat 
transfer coefficient (W/m2-K); As   = Surface area (m2); V= Volume of material (m3). 
 
Boundary conditions: Ti = 650ᵒC; ṁ = 5gm/s for the desired h=30 W/m2K (see table 3) 
 
Analytically solving the energy balance equations provide: 
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where constant  τ = 1344.8 sec
 
(a) (b) 
 
(c) 
 
(d) 
 Figure 5. (a) Top view of an experimental furnace hearth with two metal ingots; (b) Experimental set-up for evaluating control strategy; 
Time dependent (c) temperature of metal and air in furnace and (d) Power requirement for processing of a single metal block 
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The resulting temperatures are shown in Figure 5c. In this analysis property of stainless steel is considered for 
material. This ensures Bi and h similarity with the full-scaled aluminum annealing furnace as in table 1. The 
schematic top-view of the planned experimental furnace with two metal ingots is shown in Figure 5a. The 
dimensions of these ingots are detailed in Table 4. These are placed at a distance of w = 15mm with L = 47mm as 
shown in Figure 5a.  
Table 4. Dimensions of scaled-down furnace and the metal ingots 
 Scale-down furnace hearth Scale-down Ingot 
Dimension, mm 200 x 62 x 200 200 (L) x 16 (B) x 200 (H) 
 
This experiment will be used for evaluation of the designed control. The volume of one metal ingot in the 1:15 
scaled-down furnace model is ~ 64 * 10-5 m3 with reference to metal volume of 16.37m3 in full-scale model. For 
analysis a single metal block or ingot is considered. This is based on the symmetry in the hearth of furnace for the 
scaled-down model. As expected, in view of lower value of Fo the metal reaches the highest temperatures in about 
2.5 hrs. Figure 5d shows that the power requirement will decrease with reduction in temperature between air and 
metal surface. The highest required power is about 1kW and its value deceases exponentially to zero in about 2.5 
hours for the selected furnace with metal. The time averaged power requirement is about 180W during 2.5 hours. 
The controller should maintain this dynamic power requirement. The schematic of the planned controller is shown 
in Figure 5b. Air is made to passes over the heater R1 using a blower. The heat supplied to the air by R1 can be 
controlled by varying the power supply to R1. Thus the inlet air temperature (Ti) could be maintained at th desired 
value.  The air carrying heat moves inside the furnace and loses its heat to the metal ingots placed on the hearth. The 
temperature sensor will offer information of the current state of temperature of the metal, inlet and outlet air. This 
information is sampled and converted to a digital signal by the ADC present in the Micro Controller Unit 
(MCU).Depending on the desired power to the metal and the power input from R1 the MCU will decide whether to 
switch the auxiliary Electrical heating(R) or not and also whether to increase or decrease the heat provided by heater 
R. This is done by generating a Pulse Width Modulated signal at one of the pins of MCU. The duty cycle of PWM 
signal is varied in accordance with the difference of desired power and power supplied by R1. The control action is 
given by the duty cycle values of the PWM signal which is applied to the switch operating the auxiliary heating (R).  
3. CFD Approach 
Computational Fluid Dynamics (FLUENT 13.0) has been used as a tool to analyze the air flow and heat transfer 
profile in the various sub-systems. The analysis of the convective furnace using CFD has been organized in three 
sections to develop the model: (i) Creation of mesh and applying the boundary conditions (ii) Mesh dependence 
study to identify optimum mesh element size, (iii) Use of selected mesh to generate flow profile along different 
lines, planes in the furnace. The generated CFD results are used to analyze the flow profile at different locations to 
identify regions of low or high flow which may affect the uniform heating of aluminum ingots in the furnace.    
3.1. Geometry model and meshing 
A 3-D geometry of 1:15 scale-down furnace is shown in fig. 6a. The modeled 1:4 of this scaled-down geometry, 
with two symmetry planes, for CFD analysis is shown in fig. 6b. The employed wall resolved polyhedral mesh with 
inflation is shown in Figure 6c and 6d. Uniform element sizes are ensured using sizing techniques of ANSYS. The 
different resolutions of the polyhedral meshes are presented in table 4. The considered aspect ratio is preserved. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 6. (a) Geometry of Scale down furnace; (b) 1/4th modeled geometry  for CFD analysis with two symmetry boundaries (c) employed 
polyhedral elements in meshing;  and (d) zoom in mesh elements near the inlet of side duct. 
3.2. Numerical setup 
For the CFD analysis Reynolds Averaged Navier Stokes equations are solved using specified polyhedral mesh 
with boundary layer. The numerical scheme for governing equations namely, continuity and momentum are detailed 
in table 5. The achieved convergence allows accepting the numerically analyzed results. 
Table 5. Details of CFD set-up 
Grid 
resolution 
Max. aspect 
ratio 
Equations Flow Model & 
solution method 
Spatial 
discretization 
Converge
nce 
y+ 
9.6, 4.8 and 
2.4 mm  
44.7 Continuity and 
Momentum 
-  k-ε model               
 - SIMPLE algorithm 
1st order upwind 10-5 3.75 
Boundary 
conditions 
At inlet: velocity= 10 m/s, gauge pressure=0 pascal; turbulent kinetic energy= 0.32 m2/s2; 
turbulent dissipation rate=0.92 m2/s3 using inlet pipe diameter as length scale  
At outlet: gage pressure=0 pascal. 
 
3.3. Mesh dependence  
Reducing the element size by half each time, three meshes are generated. The meshes with resolution, 9.6mm, 
4.8mm and 2.4mm are termed as Mesh 1, Mesh 2 and Mesh 3, respectively. Analysis of velocity magnitude profile 
along line A-A as in furnace, shown in Figure 7b, for clarity is presented in Figure 7a. It is to be noted that 1/4th 
model geometry is used for CFD analysis. Figure 7a shows the computed velocity magnitude with three mesh 
resolution along line A-A from hearth wall to centre. In this figure X=0 denotes hearth wall. The CFD analyzed 
velocity magnitude profiles for the mesh 2 and 3 are practically the same. Hence, for safe side, mesh 3 is used for 
further flow analysis inside the furnace. 
115 mm235 mm
235 mm
235 mm Symmetry 
planes
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(a) 
 
(b) 
Figure 7. (a) Air velocity along A-A line in hearth region for mesh dependence analysis (b) schematic of scale down furnace showing A-A 
line 
4. Experiment  
4.1. Open Volumetric Air Receiver 
The designed circular porous absorber based Open Volumetric Air Receiver (OVAR) is evaluated experimentally 
using the installed solar air tower simulator facility as shown in Figure 2. The detailed experimental and evaluation 
procedure is presented in [5]. This OVAR is heated electrically and it is shown that volumetric heating is achieved. 
Moreover, experiments have demonstrated that even partial heating of this receiver will allow achieving volumetric 
heating. The porosity of the designed receiver is 52% that compares well with Solair 200[16]. Such receivers are 
usually made of material with high thermal conductivity, like, Silicon-carbide (~100-300 W/mK) in temperature 
range from 200-600ᵒC [17, 18, 19]. In the designed OVAR brass is used with comparable thermal conductivity for 
design evaluation only.  
 
The organization of porous absorbers numbered 1-7 is shown in Figure 8a. Radiation after reflection from 
heliostat is concentrated onto these seven porous absorbers. Air is sucked in through the pores of these heated 
absorbers. As a result of temperature difference between air and absorber material, heat is transferred to air. An 
example of the measured temperature at the outlet of these absorbers is given in Figure 8b. In this experiment a 
power of 1500W is applied to the cylindrical surface of absorbers with a total mass flow rate (mfr) of air as 5gm/s. 
This results in an equivalent power to aperture (PoA)/mfr = 300 (kJ/kg). The equivalent concentration onto the top 
surface of absorbers would be ~400 suns (1sun = 1kW/m2).  
 
 
 
Figure 8. (a) Schematic of arrangement of seven circular porous absorbers and (b) The measured temperatures at the outlet of absorbers 
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The measured temperature at the outlet of absorbers for one hour duration is shown in Figure 8b. This clearly 
depicts achieving a quasi steady state with variation < 3% from the respective mean values. The average temperature 
is around 325 ᵒC for all the absorbers with overall non-uniformity ~ ± 25ᵒ or 8% around this value. Hence, it can be 
inferred that the desired temperature can be achieved for the processing of material, like, aluminum. The estimated 
heat transfer effectiveness is about 65%.
4.2. Scale-down solar convective furnace model
Flow measurement experiments are conducted with the installed 1:15 scale-down Plexiglas furnace model as 
shown in Figure 9b. The schematic of the experimental set-up is shown in Figure 9a. An air blower of capacity 3.4 
m3/min is utilized to generate flow in the installed scale-down furnace. In the performed experiment, half of the 
furnace is blocked as shown in Figure 9c. This will allow achieving higher velocities with the considered flow rate. 
For measurement of velocity Laser Doppler Velocimeter (LDV) as shown in Figure 9d is utilized. The z and x-
component of air velocity are measured. The measured values will allow validating the adopted CFD approach.
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 9. (a) Schematic of experimental setup; (b) Plexiglas model of scaled down furnace; (c) 50 % blocked furnace (d) Air velocity 
measurement using LDV 
 
The specifications of the employed Laser Doppler Velocimeter (LDV) system are summarized in table 6. Pair of 
blue beams is used for measuring z-component of velocity. The frequency of one of the beams in each pair is shifted 
by 40 MHz using a Bragg cell. Similarly pair of green beams is used for x-component velocity measurements. 
Mineral oil droplets are used for seeding the flow. 
 
 
 
Hot 
air IN
Warm air Out
Blower
Rotameter
Hearth
Ingot
X
Z
50 % 
Furnace 
blocked LDV Probe
Fog 
generator
Rotameter
Blower
 D. Patidar et al. /  Energy Procedia  69 ( 2015 )  506 – 517 515
Table 6. Specifications of  Laser Doppler Velocimeter 
Make & model Light source Fibre-optic probe, 
its focal length 
Beam diameter, 
separation angle 
Beams, fringe 
separation 
TSI, 
FSA3500/4000 
Argon Ion Laser 
(Coherent’s Innova 70C) 
TLN06-500, 363 mm 2.65 mm, 5.6˚  Blue: 3.5513 μm 
Green: 3.7441 μm 
  
For each measurement point 2000 samples were collected with a maximum record length in time of 120 s. Air 
velocity is measured using LDV along various lines in the furnace hearth and are presented in the next section.  
5. Validation and CFD Analysis 
In fig. 10a the measured values of x and z velocity components along the line H-H in the furnace, as shown in 
Figure 10b for clarity, are presented.  As expected, high values are measured away from the walls. The negative 
values of z-velocity components indicate downward movement at the inlet region and even extend up-to about 
130mm from the wall. The hearth wall is 95 mm from the furnace wall (X=0). Positive values of z-component of 
velocity beyond 130mm reveal the entry of air in the hearth region in the performed blocked furnace experiment.  
Consequently, the presence of a large vortex under the hearth region is inferred. The measured x-velocity 
components are much lower than that of z-velocity components along H-H line.  
 
  
(a) 
 
(b) 
Figure 10. LDV experiment results (a) z & x velocity component in hearth of furnace (50% blocked) along line H-H; (b) Line H-H in 
bottom duct region  
 
The CFD analyzed z-velocity component is plotted in Figure 10a for comparison with experimentally obtained 
values. This figure shows that the analyzed and experimental values compares fairly well in both negative and 
positive regions. Using wall resolved mesh, as expected, allows capturing velocity near the hearth wall at X=0 in 
duct region. In view of these observations, the adopted CFD approach is employed for evaluating flow in 1:4 
furnace model with two symmetry boundaries, see Figure 6b. This simulates the real 1:15 scale-down model without 
blockage. The CFD analyzed z-velocity contour is shown in Figure 11a. The negative values indicate downward and 
positive values indicate upward movement of air. As expected, a large vortex under the hearth region is observed as 
shown in Figure 11b.   
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(a) 
 
(b) 
Figure 11. (a) Contour of x-velocity magnitude in CFD analyzed scale-down furnace model , (b) Velocity vectors under the hearth region 
6. Conclusion and future work 
The concept of a solar convective furnace system is presented. Utilization of solar thermal energy for annealing 
of aluminum would lead to increased efficiency of the furnace system. It would also mean reduction in fossil fuel 
usage. Design of a retrofitted scaled down convective furnace is presented. For the scale-down model Bi and Fo 
similarity is maintained using steel as metal ingot. Thermodynamic analysis for the scaled down retrofitted furnace 
is reported. The resulting time dependent profiles of metal and air temperature and also power requirement are 
presented. A control strategy to achieve the desired temperature profile of the metal is prescribed with a planned 
experimental set-up. Computational Fluid Dynamics (CFD) approach for flow analysis in the retrofitted scaled down 
furnace shows the presence of vortex under the hearth region of furnace. The approach is validated with the 
measured velocity profiles using Laser Doppler Velocimetery (LDV) technique. Future work aims to reduce or 
eliminate the formation of vortex by use of baffles, deflectors at suitable locations. This is essential to obtain 
uniform air velocity profile in hearth region for attaining uniform heating and therefore, processing, of metal ingot. 
Evaluation of OVAR has also been presented. Temperatures of 325ᵒC have been attained at all the absorbers with a 
variation within 8%. The paper shows the feasibility of this concept in general. 
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